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Abstract 

How relativistic jets are generated is one of the hottest topics of the modern 
astrophysics. Several theories have been proposed to explain the wide variety of 
observed phenomena, but none seems to catch the general consensus, although the 
mechanism proposed for black holes in 1977 by Blandford & Znajek (BZ) deserves 
some favor. In the following essay, I study some relatively unexplored features in 
the black hole/jet/disk feedback as derived from the application of the BZ theory. 

Essay written for the Gravity Research Foundation 2012 Awards 
for Essays on Gravitation. 
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Introduction - It is today commonly known that accreting black holes (BHs) eject 
matter at relativistic speeds in the form of bipolar jets. The jet itself is believed to be 
an important relief valve for the angular momentum, necessary to allow the accretion of 
matter onto the central object. The wide variety of black hole masses (~ 10 a5 — 1O 1O M ) 
and environments where jets develop (from Galactic binaries to Active Galactic Nuclei, 
AGN), suggests the presence of a universal engine able to work under the most disparate 
conditions. As noted by Mario Livio, while the jet formation is likely to be always the 
same, how these jets are visible can change depending on the source [8]. 

Several theories have been developed during the latest decades and are basically 
rooted in the extraction of rotational energy [T5] from either the central black hole or 
the accretion disk, or both. The first case can be named magneto spheric jet, because it 
is based on the creation of a magnetosphere that drains the electromagnetic momentum 
via the poles. The magnetosphere is built with the electric charges provided by the 
accretion disk and is therefore the hinge of the BH/disk link. This theory was set up by 
Blandford & Znajek (BZ, [HE]]), after some interesting "precursors" as Ruffini & Wilson 
[T8] and Lovelace If the magnetospheric jet is essentially an electromagnetic wind, 
the second main stream of theories deals with a hydromagnetic jet, a centrifugally driven 
wind extracting rotational energy directly from the accretion disk [2J. The third and 
last case is a combination of the two above and can be named "hydromagneto spheric" 

jet ma nanus! • 

None of the above theories is prevalent, although the BZ mechanism deserves some 
favor. There are indeed some interesting and intriguing features of this theory that I 
would like to explore in this short essay. 

The power of the slip - The power extracted from a rotating black hole via the 
BZ process can be summarized by the following equation (e.g. [5]): 

T 1 f/U ^ w f(wh - Wf) n x 

L B z = kf{B,r H ,a,c) = (1) 

where k is a normalization constant; / is a function of the event horizon radius rg, the 
intensity of the magnetic field B, the spin a, and the speed of light c; wh is the angular 
speed of the black hole, while wf is that of the magnetic field lines. The latter depends 
on the type and geometry of the accretion disk |3j. 

In Eq. (pQ), I have emphasized the term composed by the angular speeds. It is a tiny 
term - its value can be 0.25 at maximum - and, therefore, it has not been studied very 
much, although there are some recent attempts of some more detailed analysis [6J [7J [11] . 
However, it is important because it can change sign and therefore it drives the direction 
of the power generated via the BZ process. 

It reminded me some analogy with the asynchronous electric machines (hence, the 
title of this essay). The analogy of the jet engine with an electric machine has been 
proposed by Lovelace [5] and re-elaborated several times by various authors (e.g. [16], 
but see [7])- In the following, I will offer one more point of view of the BZ theory in the 
light of this analogy. 

Let us to define the slip factor s (or simply slip) as: 
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Figure 1: Slip term of the BZ power in the Eq. d3J) as a function of the slip factor. See 
the text for details. 
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which implies that I have considered the black hole as the "rotor" and the magnetic field 
lines of the magnetosphere as the "stator". Obviously the latter does not need to be 
really at rest: what is important is the relative motion between the two structures. 
Then, the Eq. ([T]) can be rewritten as a function of the slip: 

s(s-l) 

LBZ K (1- S )3 (3) 

and in the following I refer to the right-hand side of the equation as the slip term. 

I underline that I am not interested here in the estimate of the intensity of the BZ 
power, whose value is often debated (see e.g. [51 [19]), but rather at the direction of its 
flow, which in turn is driven by the sign of the slip term of the Eq. ([3]). Therefore, I do 
not deal with either the normalization constant k or the function /, but I focus on the 
relationship of Lbz with the slip s. 

The Eq. ([3]) is displayed in Fig. [I] as a function of s and it is possible to distinguish 
some interesting cases: 

(i) wh/wf = 1 =>• s = 0: it is the synchrony condition, i.e. the angular speed of the 
black hole and that of the magnetic field lines are the same. This results in null 
BZ power (Lbz = 0). 
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(ii) wh/wf = => s = 1: the black hole is at rest (Schwarzschild case) and L B z — > — oo, 
like a short circuit where the power is drained by the black hole. 

(iii) wh/wf = 2 => s = —1: this is the well-known condition of maximum output of the 
jet power ([H [10]). The slip term in Eq. (j3J) is equal to 0.25. 

(iv) u H > =>■ s < 0: the black hole angular speed is greater than that of magnetic 
field lines. This allows the gravitational asynchronous machine to work as gener- 
ator and the BZ power is positive (— > jet emission). The rotational power of the 
black hole is converted into the jet electromagnetic power. It is worth noting that 
the slip can be increased in this case by the frame dragging (Lense-Thirring effect). 

(v) wh < oJ-p =>- < s < 1: the BZ power is negative, the machine works as a motor. 
The rotational energy of the magnetosphere, which rotates faster than the BH, is 
extracted to power the motion of the black hole. If the BH increases its angular 
speed sufficiently to surpass that of the field, then it changes to the condition (iv). 

(vi) wh < Ootuf < =>- s > 1: the magnetosphere and the hole are counterrotating. 
The BZ power is negative and the machine works as a brake. As s — > +oo, Lbz — >■ 0. 

I would like to stress again that all the above considerations are valid independently 
on the intensity of the BZ power. The slip term due to wh and up drives the direction 
of the BZ power. 

Applications — Past studies focused only on the formation of the relativistic jet and 
discarded all the other solutions. However, although the BZ theory has been developed 
to explain the relativistic jets, it can be broadly understood as the coupling of a black 
hole with its magnetosphere and accretion disk as outlined by the cases above. 

It is now possible to try explaining some observed cases. The present day observations 
are often contradictory (see, e.g. [121 El E]) and, since it is not (yet?) know how to 
measure up, there is the temptation to directly link the BH spin with the presence of 
the jet. However, the observation of a maximally rotating BH in an AGN without jet 
[20] raised a severe challenge to this conjecture. 

The present study offers the possibility to explain the presence of a maximally rotat- 
ing BH in an AGN without jet: it could be either the case (i) or (v), since the radius of 
the innermost stable orbit as measured by [20] indicates that BH and disk (and hence 
the magnetosphere) are co-rotating, i.e. the case (vi) cannot be applied. 

Thus, the dichotomy of AGN with and without jets can be explained as follows: 
AGN with no jets have the magnetosphere (— > disk) rotating faster than the BH or 
counterrotating, while the jet is present only when the BH rotates faster than the mag- 
netosphere (— > disk). In the case of Galactic binaries, the emission of the jet is related 
to the accretion state (low/hard, high/soft), which in turn can be explained in the same 
way: perhaps, disks in high state rotate faster than the BH, while the opposite occurs 
in low states. 

Final remarks - The considerations written in the present essay are today nothing 
more than conjectures. The critical point is the measure of cop, still unknown (although 
also the methods for wh need improvements, particularly for AGN). Meanwhile, we can 
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explore the different possibilities with theories and simulations. The main message that 
I would like to spread around is basically to stop neglecting the different cases of the BZ 
theory just because they are not producing jets. The BZ theory can have applications 
wider than expected. A broader study of the feedback between the black hole, the 
accretion disk and the magnetosphere can offer interesting surprises in understanding 
these intriguing cosmic systems. 
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